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Abstract

* | will explain some theories to derive thermal noise
 Fluctuation-Dissipation Theorem
* Viscous damping model
« Structure damping model

* Deriving...
« Brownian motion in a dilute gas
 Suspension thermal noise
« Mirror thermal noise

« Apply these noises calculations to my DPFP cavity setup
 Ploted shot noise and radiation pressure noise too
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Mind map to understand thermal noises

3 kinds of thermal noises will be derived from The Fluctuation-Dissipation Theorem

[ The Fluctuation-Dissipation Theorem ]
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The Fluctuation-Dissipation Theorem {ZEEuREHE

Equation of motion of the oscillator system having a dissipation
mx = Foy — k(1 +i¢p)x
Foor =mX+k(1+i¢g)x

- , k ko
Foop = lwm+iw+w 1%

= Z(w) : Mechanical impedance

Mechanical admittance Y(w) = Z71(w)
The Fluctuation-Dissipation Theorem

Fext

—

(Using Z and Y, power spectrum can be written
Force power spectrum F2(f) = 4kgT Re[Z] [N?/Hz]

Re[Y] [m?/Hz]

kDisplacement power spectrum x2(f) = —=—

~

J

k(1+i¢)
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X :
Oscillator system with a damper

Resonant frequecy

How much dissipation \

If we decide on ¢ and k,
We can derive spectrum
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Viscous damping model for thermal noise

RN\

: _ 1 :
In viscous damping, the loss angle : ¢ = — — Fext k(1+ig)
wo (¢
It is equal to consider an oscillator system with a spring
constant of k and a damping constant of b = wLQ
0
mxX = Fo,.y — bx — kx
Fope = mi + b + kx — =
_ k k
F..=|iom+b+ — % Fo.t JV\NV\/_
= Z(w) : Mechanical impedance ‘ m |
il
b
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Kinetic theory of gases KR FEEEH
Considering kinetic theory of gases for how much test mass fluctuates due to molecules in the gas

Equation of State
p =nkgT

Maxwell-Boltzmann distribution describes a distribution of velocity of molecules
3

5 2 2 2
fv) = ( & ) exp <_#(Ux Ty Y )) p : Pressure [Pa]
2rtkgT 2kgT n : The number of density of

molecules in the gas [/m3]
kg : Boltzmann constant [m? kg s72K 1]

Average speed of particles

oo oo oo
(Y =f dva dvyf dv, vf(v) T : Temperature [K]
— 00 — 00 — 00 p : The mass of an individual molecule [kg]
8kpgT A : Cross sectional are [m?]

N H



Brownian motion in a dilute gas
The rate of collisions with molecules arriving form one side
. BN 7= V) O ZE(E % o—
N = j nvA f (v) dv,dvy,dv,
0

1 O/ T

= —nAv O—
4 o .
Force of friction between the mass swinging at speed of v, and particles O~ O
1
Firiction = —UNvp = _ZﬂnvAvp
= bgas
Spring constant of the harmonic oscillator of suspension
mg
k = T
: o kpT
The Fluctuation-Dissipation Theorem x2(f) = ﬂffz Re[Y] 0"
O
4kpThyqgs

. 2 —
Displacement power spectrum x2;..,.,.< (f) = 75t (k-2 ”
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Structure damping model for thermal noise

. 1
In structure damping, the loss angle : ¢ = —

Q

mx =F,; —k(1+i¢)x

F,.t = mx+ k(l + ip)x

~ k

Foorr = (lwm + —+ ¢) % <b — k_¢>
w w

=Z(w)

The Fluctuation-Dissipation Theorem x2(f) =

kgT
2 f2

Fext

—

Re[Y]

4kpTko

k(1 + ig)
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Displacement power spectrum x2.,,ceure (f) =

w(k?2¢p2+ (k—mw?)?



Suspension thermal noise and Mirror thermal noise

Considering the situation at low and high frequencies separately

: 5 . 4kpTke
Displacement power spectrum x&, o ceyre (f) = 2Dt (o)
4kpTep 1
~ 58 f X — (w K wq)
mwwy o
2
5 4kgTwsd o 1 (@ > wy)
maw?> w>
For suspension thermal noise, w, = 0(1) [Hz] x(f)

For mirror thermal noise, w, = 0(10*~10%) [Hz]

In our main interesting frequency region 1~10*[Hz]

1

Suspension thermal noise is proportional to —
w

: . : 1
Mirror thermal noise is proportional to ~




Contents

 Thermal noise

« Application to my setup

e Summary

14



How much order is the level of thermal noises in my setup?

10-5 The Estimation of Thermal Noise and Quantum Noise

Roughly assuming some parameters... — Total

— Horizontal Seismic Noise + Vertical Seismic Noise

p &S 1 [Pa] T - 3 OO [K] — gigwﬂ?:::éctiac:rloif]k;g:lite gas
. Suspension thermal noise
Resonant frequenC|eS 10-° —— Mirror thermal noise

fosus = 1[Hz]
fomirror = 100[kHZ]

=

o
L
[N}

$sys = 10~* Tungsten wire with a
diameter of 0.2 mm

bmirror = 10 8

Fused silica substrate

10715

Displacement of the cavity [m/rtHz]

For Brownian motion in a dilute gas
xsiscous(f) — 2.2 4kBTbgaS
w?bgas + (k — mw?)?
For Suspension and Mirror thermal noise 10
xsztructure (f) = Hep T
w(k?¢p? + (k — mw?)?

10718
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How much order is the level of qguantum noises in my setup?

ShO'[ Nnoise The Estimation of Thermal Noise and Quantum Noise

hA 1
xShOt(f) — L\/87TCP <T_2 + (,()2> 108 \
_ur N
\mi\

T =
TIC 107

Radiation pressure noise

(F) = 1 2F |32nhP 1
) = i A J1+ (wr)?

Used parameters

10~

1071?

Displacement of the cavity [m/rtHz]

F =314
L =0.56 [m] 10-20
P =10 [mW] - Iloc:IzontaISeismic Noise + Vertical Seismic Noise
A = 1064 [nm] |— oo L i a i gas
m = 0.3 [kg] S e e
Shotnoise

Radiation Pressure noise

10¢ 10! 10?2
Frequency [Hz]
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Summary

- Introduced The Fluctuation-Dissipation Theorem
- Derived power spectra of 2 models

* Viscous damping model

- Structure damping model

- Calculated and estimated roughly thermal noise level of my DPFP cavity setup
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https://granite.phys.s.u-tokyo.ac.jp/theses/ando_m.pdf
https://granite.phys.s.u-tokyo.ac.jp/wiki/Lab/?VoluntarySeminars#hd255f9d

Thank you for listening
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